Weight regain is one of the most common problems in the long-term after bariatric surgery. It is unknown if high-intensity exercise programs applied in late phases of post-surgical follow-up could counteract this trend. After a 3-year follow-up, 21 patients underwent sleeve gastrectomy were randomized into an exercise group (EG, n = 11), that performed a 5-month supervised exercise program, and a control group (CG, n = 10), that followed the usual care. Body composition, cardiorespiratory fitness, glycaemia and blood cholesterol were evaluated before and after the intervention. Finally, the EG repeated the evaluations 2 months after the end of the exercise program. Both groups reached their maximum weight loss at the first year after surgery and showed significant weight regain by the end of the follow-up. After the exercise program, the EG showed reductions in fat mass (−2.5 ± 2.6 kg, P < 0.05), glycaemia (−13.4 ± 8.7 mg·dL −1, P < 0.01) and blood cholesterol (−24.6 ± 29.1 mg·dL −1 , P < 0.05), whereas the CG during the same period showed increases in weight (1.5 ± 1.3 kg, P < 0.05) and fat mass (1.8 ± 0.9, P < 0.01). Two months after the end of the program, EG had increases in weight (1.1 ± 1.2 kg, P < 0.05), fat mass (2.6 ± 2.2 kg, P < 0.01), glycaemia (8.2 ± 11.6 mg·dL −1 , P < 0.05) and blood cholesterol (20.0 ± 22.1 mg·dL −1 , P < 0.05), when compared with the values after the exercise program. Therefore, in the medium-term after sleeve gastrectomy exercise may contribute to prevent weight regain and to reduce fat mass, glycaemia, and blood cholesterol.
Body composition and anthropometric measures.
The EG obtained its maximum decrease of total fat mass and body fat percentage 7 months after BS, whereas the CG did so 13 months after surgery. Both groups reached their maximum reduction of total weight and their maximum increase of %EWL by 13 months after surgery. Compared to that moment, weight loss, total fat mass (FM), and fat mass percentage (%FM), significant increased by 37 months after BS in both groups, in addition to a significant decrease of %EWL. This was paralleled by a significant reduction of fat free mass (FFM) at 37 months after surgery for the EG, and 19 months after BS for the CG (Fig. 2) .
Changes in body composition and anthropometric measures after the exercise program are summarized in Table 2 . After the intervention, the EG had significant reductions in total fat mass and fat mass percentage, showing a tendency to reduce the total weight and waist circumference, and to increase %EWL and FFM (Fig. 2) . In contrast, the CG had a significant increase in total weight, fat mass and fat mass percentage, and significant reduction in %EWL. Before and after the intervention (37-42 months after BS), significant differences were observed between groups in the changes of all body composition and anthropometric measures except in hip circumference and FFM. However, FFM showed a large change between groups (d = 0.96). Forty-two months after surgery, in the CG there were no significant differences in the fat mass percentage when compared with one month after BS, nor differences in the FFM of the EG compared to one month after surgery (Supplementary material).
Two months after the exercise program -i.e., between 42 and 44 months after BS-, the EG returned to exhibit weight regain, with increased fat mass and fat mass percentage, as well as decreased %EWL and FFM (Fig. 2 ).
Cardio-metabolic risk factors and cardiorespiratory fitness.
After the exercise program, the EG showed a significant reduction in blood glucose (75.9 ± 29.4 vs. 62.5 ± 13.6 mg·dL −1 ; P = 0.005, 95% CI: −19.6, −7.1) and total cholesterol (212.0 ± 49.9 vs. 187.4 ± 39.4 mg·dL −1 ; P = 0.026, 95% CI: −45.4, −3.8). In addition, the EG showed a small tendency to decrease systolic (132.5 ± 23.4 vs. 127.0 ± 20.2 mmHg; d = 0.25, 95% CI: −26.11, 15.05) and diastolic blood pressure (78.2 ± 9.3 vs. 75.1 ± 9.9 mmHg; d = 0.25, 95% CI: −14.9, 8.7), as well as CVR (1.7 ± 0.95 vs. 1.4 ± 0.70; d = 0.36, 95% CI: −1.08, 0.48). Between 37 months and 42 months, waist-to-height ratio had significant difference between groups (P = 0.033, 95% CI: −0.61, −0.01) ( Table 2) . Two months after the end of the exercise program (44 months after surgery), total cholesterol increased to 207.40 ± 51.0 mg·dL −1 (P = 0.019, 95% CI: 4.2, 35.8) and blood glucose to 70.7 ± 10.4 mg·dL −1 (P = 0.047, 95% CI: −3.2, 19.6) in the EG. Furthermore, at 44 months after BS increases in waist-to-height ratio (P = 0.004, 95% CI: 0.01, 0.02), CVR (d = 0.37, 95% CI: −0.38, 0.82), and diastolic blood pressure (d = 0.31, 95% CI: −7.6, 14.5) were observed in the EG.
Positive correlations were also observed between reductions in total weight and fat mass with reductions in cholesterol (r = 0.744, P = 0.014; r = 0.719, P = 0.019, respectively) and CVR (r = 0.808, P = 0.005; r = 0.679, P = 0.031, respectively), as well as between reductions in total weight and reductions in systolic blood pressure (r = 0.844, P = 0.002), after the intervention.
After the exercise program (42 months after surgery), the EG obtained significant improvements of absolute (1.7 ± 0.48 vs. 2.0 ± 0.67 l•min −1 ; P = 0.005, 95% CI: 0.11, 0.47) and relative VO 2peak (19.8 ± 3.4 vs. 23.2 ± 4.6 ml•kg −1 • min −1 ; P = 0.002, 95% CI: 1.66, 5.1).
Quality of life.
After the intervention, the absolute change in bodily pain increased in the EG in comparison with the CG (Table 3) . Additionally, in the EG changes in most of the components of the SF-36 showed medium to large effects sizes after the exercise program: role physical (d = 0.33, 95% CI: −35.2, 66.5), social functioning (d = 0.40, 95% CI: −15.8, 34.6), mental health (d = 0.63, 95% CI: −8.77, 33.8), vitality (d = 0.69, 95% CI: −7.69, 35.2), physical component summary (d = 0.55, 95% CI: −5.6, 17.9), and bodily pain (d = 1.04, 95% CI: −0.8, 54.5). In contrast, in the CG, there were no changes in most scales of the questionnaire. Only a decrease in the mental component summary (d = 0.72, 95% CI: −21.63, 4.26) and a small reduction in social functioning (d = 0.30, 95% CI: −49.0, 28.0) were found.
Discussion
The effectiveness of BS on weight loss has been widely demonstrated. However, its effects are limited in time, and weight regain is a common complication in bariatric patients, mainly after restrictive procedures. In the literature, a dramatic increase in %EWL in the first months after surgery as well as a reduction of the FFM have been described 17 . Afterwards, weight loss slows down, until a point of maximum weight loss is reached between 12 and 24 months after surgery 3, 5 . Nevertheless, decreases of %EWL from 56% to 46% have been reported in subjects submitted to sleeve gastrectomy between 12 and 36 months after surgery 18 . In the same way, other studies have observed significant weight regain between 24 and 36 months 19 , and between 24 and 48 months after surgery 3 . Our data are in accordance with these previous observations. In our sample, the large increase in %EWL during the first months was followed by a small increase until month 13 after surgery, when the highest %EWL was reached. At this time-point, a reduction of %EWL began, causing a significant weight regain in both groups at 37 months after surgery.
Unfortunately, there are few studies in the literature in which body composition has been measured in the long-term. To our knowledge, most studies have measured body composition between 6 and 24 months after surgery. According to these studies, a biphasic loss of fat mass can be observed: an initial fast phase of fat mass reduction during the first year after surgery, that is followed by a second phase in which fat loss slows down until it reaches a point of maximum fat mass loss at month 24 20 . However, studies that have a longer follow-up period www.nature.com/scientificreports www.nature.com/scientificreports/ showed a tendency to recover fat mass 21, 22 . Similar to these reports, in the present study, patients reached their maximum fat loss between month 7 and 13 months after surgery. From this moment onwards, an increase in fat mass was observed in both groups, being significantly higher 37 months after surgery. Additionally, significant losses of FFM were observed in both groups. At the beginning of the intervention (EX) body mass (A) was significantly higher than after surgery, and this was due to the regain of fat mass (B) and a trend to lose fat-free mas (C). Consequently, at the beginning of the intervention a significant reduction of excess weight loss (D) was observed in both groups in comparison with its maximal value, reached approximately one year after surgery. This was accompanied by an increase of various cardiovascular risk factor (E,F). In the EG the intervention contributed to counteract the progressive increase in fat mass (B) and the decline in EWL (D) seen in the CG. Body mass was not significantly reduced during the intervention in the EG (A), possibly due to the trend to increasing the fat-free mass in this group caused by the intervention (C). Similarly, the intervention tended to improve the cardiovascular risk factors in the EG (E,F). All of these effects seem to be caused directly by the exercise program, since they significantly varied in the opposite direction in the retention evaluation, two months after ending the intervention.
Scientific RepoRtS |
(2020) 10:3123 | https://doi.org/10.1038/s41598-020-60044-z www.nature.com/scientificreports www.nature.com/scientificreports/ Several mechanisms may contribute to the weight regain after BS. On the one hand, the decrease of leptin and insulin levels may, in turn, generate a greater appetite sensation 23 . In this regard, a progressive increase in energy intake 24 has been reported in BS patients over time. Poor eating habits 12 as well as an increase of the gastric cavity 11 may contribute to this effect after sleeve gastrectomy. On the other hand, weight loss also leads to a reduction of basal metabolic rate 25 , which may be an important component after BS, since associations have been found between low basal metabolic rate and weight regain 26 .
According to the results of the present study, individualized and supervised exercise programs may be considered as adjuvant interventions to prevent weight regain in the long-term after sleeve gastrectomy. Our data showed significant reductions in fat mass and fat mass percentage, a trend towards total weight reduction and an increase of %EWL and FFM in the EG, at the end of the exercise program. However, during the corresponding time after surgery, in the CG weight, fat mass and fat mass percentage continued to increase significantly, while significant reductions of %EWL occurred. This resulted in fat mass reaching similar values to the preoperative ones in the CG at 42 months after surgery.
Unfortunately, studies found in the literature on this topic are scarce and mostly observational. These studies have shown positive associations between low levels of self-reported physical activity 13 , a sedentary lifestyle 4 and sitting time with weight regain 27 , as well as that subjects who performed one or more weekly sessions of physical activity had a lower weight regain 27 . To the best of our knowledge, only an experimental study performed a physical exercise program in the medium-term after BS. This study was conducted in patients with a BMI greater than 30 kg·m −2 12-24 months after surgery, reporting weight and fat mass reductions only in the exercise group, while in the control group these variables increased 28 . However, in contrast with our data, a trend to decrease FFM was observed. This difference may be explained by the introduction of resistance training of controlled intensity (≥70% RM) in our intervention. This shows the effectiveness and necessity of resistance training at high intensities in bariatric patients, since an increase in FFM leads to an increase in the basal metabolic rate, which can help to prevent weight regain.
Two months after the end of the exercise program, significant increases in total weight and fat mass and significant reductions of %EWL and FFM were observed in the EG. Therefore, the benefits of the exercise program were not retained after its ending. Weight recovery after a program of weight loss has been previously related to the reduction of physical activity in patients with obesity 29 . In fact, it has been concluded that physical activity is a determining factor in the maintenance of weight loss 30 . Our data support this argument.
Sleeve gastrectomy induces a reduction in CVR factors 2 . Although these reductions tend to persist in the long-term, there is a proportion of patients in which improvements in comorbidities tend to be attenuated 10 . For example, relapse in type 2 diabetes mellitus is a common complication, with relapse rates ranging from 19% to 35.1% 31, 32 . In addition, type 2 diabetes mellitus relapses have been associated with weight regain 32, 33 . Our results show that after the exercise program, both blood glucose and cholesterol had significantly reduced. In the case of www.nature.com/scientificreports www.nature.com/scientificreports/ cholesterol, reductions were also relevant from a clinical point of view as cholesterol levels ranged into a desirable zone (<200 mg·dl −1 ) 34 after the intervention.
Exercise contributes to the observed CVR factors reductions. Both endurance and resistance training trigger a large uptake of glucose in the skeletal muscle 35 . High intensity interval training (HIIT) seems to be of great importance, since it causes a higher glucose uptake than moderate intensity training 36 . This can be explained by different mechanisms. First, HIIT increases the sarcolemmal translocation of the glucose transporter GLUT4 37 . Additionally, HIIT increases skeletal muscle oxidative capacity 38 , which is impaired in subjects with obesity 39 . This may increase insulin sensitivity, since there is an association between both 40 . Therefore, HIIT may contribute to a reduction in hyperglycaemia 38 and insulin resistance 41 . In addition, the exercise program provoked reductions in waist circumference and waist-to-hip ratio. Taken together, all these effects are of great importance, since they are associated with cardio-metabolic risk 42 .
Along with these physiological responses, improvements were observed in the quality of life of participants who performed the exercise program, especially in the physical scales of the SF36 questionnaire. Many studies have reported short-term improvements in quality of life after BS, both in the physical and mental scales 43 . However, these effects are lost in the long-term, especially in the physical domains 44, 45 . The results of the present study show that exercise can reverse this trend, improving the participant's quality of life, particularly in the physical components.
Additionally, other studies have shown that between the 1 st and 3 rd year after surgery bodily pain increases in BS patients 44 . Our data have shown a reduction of bodily pain in the participants in the exercise program. This result can be due to the addition of two factors: weight loss and resistance training, which generates a lower mechanical load and provides greater support and joint stability 46 .
Nevertheless, several limitations of the present study should be recognized. First, this study had a lack of nutritional and physical activity control, and participants were only encouraged to follow the guidelines established by their hospital. Therefore, it is possible that subjects who lost weight, in addition to performing exercise would have changed their eating habits. Consequently, future works should test if these variables are affected by an exercise-based intervention like the one described here. Additionally, the small sample size may make it difficult to generalize our results.
In summary, our data show that a point of maximum weight loss and fat mass is reached 13 months after sleeve gastrectomy. From this moment on, a process of weight regain begins, until there is a significant recovery of weight and fat mass at 37 months after the surgery. An individualized and supervised combined exercise program as described in this study slows down this weight regain and generates a reduction of fat mass and a tendency to increase fat-free mass. Moreover, improvements in cardiorespiratory fitness, cardio-metabolic risk factors and in health-related quality of life are observed after the exercise program. These improvements disappear two months after the end of the exercise program. Therefore, our results show that exercise is an effective tool to avoid weight regain and relapse in cardio-metabolic risk even at long time after sleeve gastrectomy. Consequently, implementation of exercise programs in post bariatric patients should be emphazised. www.nature.com/scientificreports www.nature.com/scientificreports/ Methods Participants. A prospective randomized clinical trial (ClinicalTrials.gov number: NCT03603392; 04/07/2018) was performed. A total of 40 patients who underwent sleeve gastrectomy during three consecutive years in two university hospitals from an urban area (≈230000 inhabitants), were offered to join the study. Patients with previous cardiovascular diseases, history of cancer in the previous 5 years and functional limitations that prevented them from performing the exercise program were excluded from the study. All the patients signed an informed consent form to be included in the study. This study was conformed to the Declaration of Helsinki and approved by the University Miguel Hernández Ethics Committee. Group sizes were estimated to provide a statistical power of 0.80 with a significance level of 0.01, according to our previous experience with this population and intervention 47 . Design. Body composition and anthropometric measurements were assessed in all participants at 5 time-points (1, 7, 13, 19 and 37 months after surgery) before starting the intervention. At 37 months after BS, participants were randomized in two groups: an exercise group (EG; n = 11 patients coming from the twenty first patients that were operated on) and a control group (CG; n = 10 patients, coming from the resting twenty patients). Patients form both hospitals were included in each group. The EG performed a 5-months of supervised exercise program, while the CG followed the usual care. Measurements of cardiorespiratory fitness, biochemical parameters, body composition, anthropometry, blood pressure and health-related quality of life for the EG were performed. Body composition, anthropometry and health-related quality of life for the CG were also assessed. Data were collected at the start of the exercise program (37 months after BS) and at the end of the program (42 months after BS). Finally, the EG was evaluated 2 months after the end of the exercise program (44 months after BS).
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Measurements were performed in a climatically controlled laboratory, located at 80 m above sea level, in which the relative air humidity was maintained between 45-60% and the temperature between 22-24 °C.
Exercise program. The exercise program lasted 20 weeks, which were distributed in five 4-week blocks ( Table 4 ). All training sessions were performed in the sport facilities of our institution and supervised by graduates in sports sciences. The first block included two weekly sessions, in which endurance and resistance training for 5 muscle groups (hamstrings, pectorals, quadriceps, latissimus dorsi, and gastrocnemius) was combined in the same session. In the second block participants trained 3 days a week: in two of them a high-intensity interval training (HIIT) was performed, followed by resistance training (biceps and triceps were added to the previous 5 major muscle groups trained), while in the third session only the endurance training was performed. Between the third and fifth block participants trained 4 days per week. In two sessions, a HIIT was performed, followed by resistance training, focusing on different muscle groups in each session: (a) session 1: pectorals, quadriceps, biceps, and hamstrings; (b) session 2: dorsal, triceps, gastrocnemius and deltoids. In the other two sessions, endurance training was performed. In all the blocks, 2 days a week of flexibility training were carried out.
The endurance training (performed either on cycle-ergometer, elliptical or treadmill) was monitored using a heart rate monitor (FT40, Polar, Finland). The resistance training was performed using resistance machines, and training intensity was determined by percentages of 1 maximum repetition which was estimated using the Brzycki formula 48 . The HIIT consisted of a five-minute warm up, increasing the intensity from 40% of VO 2peak to 60% VO 2peak . After this, 20 minutes with bouts of 30 seconds at high intensity (60-95% VO 2peak ) and 30 seconds of active recovery (40% VO 2peak ), for a total of 10 minutes of training at high intensity were performed. Finally, 3 minutes of cool-down at 40% VO 2peak were performed. During the two last weeks of block 3, both the RM and the VO 2peak were measured, and the intensities of the following sessions (blocks 4 and 5) were fixed according to these values.
Resistance training, HIIT and flexibility exercises were combined in the same session, in order to reach similar duration per session (roughly 50 min) to the continuous aerobic training.
Test measures. Body composition and anthropometric measures. Body composition and anthropometric
measures were evaluated between 8:00-9:00 AM, after at least 10 hours of fasting. Alcohol consumption and physical activity were restricted for at least 8 hours before the test 49 while physical activity was forbidden in the 48 hours prior to the test. Participants performed the assessment with an empty bladder 49 . Bioimpedance analysis (Tanita, TBF 300 A, Tokyo, Japan) was used to measure body weight and body composition. BMI was calculated and expressed as kg·m −2 50 . The percentage of EWL was calculated according with the usual formula: %EWL = (initial weight − current weight)/(actual weight −(25 × height²)) × 100) 51 . The International Society for the Advancement of Kinanthropometry (ISAK) protocol 52 was used to assess height as well as waist and hip circumferences.
Cardiorespiratory fitness. Cardiorespiratory fitness was evaluated between 4:00-8:00 PM. The peak oxygen uptake (VO 2peak ) was determined on a cycle ergometer (Technogym Bike Med, Technogym, Gambettola, Italy), using an Oxycon Pro gas analysis system (Jaeger, Friedberg, Germany). For testing, the protocol described by Achten et al. 53 was adapted. The protocol had two phases: (a) a 4-minute warm-up at 40 watts, followed by increases of 20 watts every 3 minutes, maintaining a cadence of 60 rotations per minute until the respiratory exchange ratio reached 1.0; and, (b) a second phase that started at this moment, and that consisted of increments of 20 watts every minute, maintaining a cadence between 70-80 rotations per minute, until volitional fatigue. The VO 2peak was calculated as the average of the highest 30 seconds of oxygen uptake. The VO 2peak was expressed in absolute values (l•min −1 ) and normalized to the total body weight (ml•kg −1 • min −1 ).
Cardio-metabolic risk factors. Cardio-metabolic risk factors were measured between 8:00-9:00 AM, after at least 10 hours of fasting. Exercise was forbidden in the 48 hours prior to the test. Blood pressure was measured using Statistical analysis. The statistical package SPSS 22.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the data. Graphs were drawn with Sigmaplot v.11.0 (Systat Software, Inc.). The Kolmogorov-Smirnov test was used to determine if the data were normally distributed. A one-way repeated measurements ANOVA was used to evaluate the influence of time on body composition and CVR factors intragroup. In addition, the paired T-test was used to analyze the intra-group changes in health-related quality of life and in physical fitness during exercise program. In the cases in which the variable did not show a normal distribution, a Wilcoxon paired test was used. For the inter-group comparisons, the one-way ANOVA was used. The associations between body composition and CVR factors were performed using Pearson's bivariate correlation analysis. To calculate the Effect Size, the Cohen's d was used and was interpreted as follows: 0.20-0.50 (small), 0.50-0.80 (medium), >0.80 (large) 61 . Significant differences were considered when p < 0.05. Unless otherwise indicated, data are presented as mean ± SD.
Blood pressure and CVR of one participant of the EG were eliminated in the last measurement because she began to take antihypertensive medication. Table 4 . Exercise program performed by the experimental group. d/w indicates days per week; RM, repetition maximum; ACT, aerobic continuous training; HR max , maximal heart rate; HIIT, high intensity interval training; VO 2peak , peak oxygen uptake. Blocks 1 and 2 were considered as a progressive adaptation. During the second half of block 3, the participants were evaluated and the new values of RM and VO 2peak were used to prescribe the exercise intensity from that moment on. HIIT, resistance training and stretching were combined in the same session. Therefore, independently of its modality (concurrent vs aerobic continuous exercise), every session had a similar duration (≈50 min).
